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ABSTRACT 



The object of this thesis is to contribute to the date of 
friction at very lew sliding velocities prior to forming some 
general conclusions about very slow speed frictional phenomena* 

1b aocoapllsh this, data has been gathered on five different 
plactics and three net sis. The data gathered is presented In 
the font of jX curves over the velocity range of from 10 7 
ms. per sec. to 10 eras, per see. The work was carried out using 
a very lew velocity friction apparatus developed by F. Heyaann 
under the supervision of Professor Rightnire, Professor Rabinowica, 
and with tho help of the Friction and lubrication Laboratory. All 
of this work was started and is being carried on under an Office 
of Naval Research contract. 

/» ** 

The materials tested were found to exhibit widely differing 
jl - \) curve characteristics as well as widely varying friction 
factors. Go®* of the U curves possessed positive slopes, son® 
negative slopes, end sane with slopes changing fro® positive or 
aero to negative. Since this is practically the only such data in 
existence it is impossible to Justify any general conclusions from 
the results of these few materials. It is recommended that many 
more material be so tested so that a general conclusion raay be made. 

Thesis Supervisor! Ernest Rabinowic* 

Title* Assistant Professor of 

Mechanical Engineering 



■ *'*<• ' f. ■ r • ■ 

■ .f .* .... £« v j ; • f. 

-•- « f •• . • *: ■ >/• • «• 



t>> ■-•V- - ■ » r V.- ■ *•> I •* v • t r «* '*• 

a i' -'•l #T* •!• \» .••- tn Ulflff 

jX "le «• »n y.Ux*.'»rr » . -jr n 

: i • » • — *< ’i ^ 1 r * .•■ 






ye*+T+‘ . \ *»• -- t»r> -.'..t*-: * #"• •< *. • 

■i ,#<i ■* -H* ^r 

J* , • ■ . . C. t « '«rs» -.<< "IP iV *K* . *<• tec 

K* CISC' nt «)Mk - NiMN flM *1 |M htCt* * • j*» VI «Ntf 1# 

. i • -i * ' . I t 

.. »*V. * i '• 'MV! i ^ ^ (”j 

,* . :> iv’r*" **• i* M M • - V 

v 

•V? »>•.■* 1 **.-•, «a»n# r. j-o, > *«/-*• |JB 

»• '• i • L i *41 * ■ t"H| »u ' )io - i . l-: ^ 

...?- • •4 «l il 1 om.« 4«4 *b 

t" * <- ! 1 . Ul» 1 • - .,'.»*■<• •* 

. • t -j. *i > * r . 4 t *•’ . * • • 



IfJK '«*»l 






i4 *|r4fi 

Kit! 




• - 



v. . . » • . y - 1 ^ 

'*•- - s* • ^ . <•>. 

Mr r tn 







si 






ACKNOWLEDGMENT 



The author wishes to express his thanks to ths personnel of the 
Lubrication Laboratory for their help in making possible the obtaining 
of this information. Mr. Kingsburg and Mr. Purdy were particularly 
helpful. The author is grateful to Professor E. Habinord.cz for his 
encouragement and guidance as thesis supervisor. 






**»r r +k piiifl w 

■*** *•" k#,e ^ 1 Auj*™ 4 / «f«0* «* 














TABLE OF CCNTEHTS 



Abstract 

Acknowledgment 

Int l*Od Uctrlctl *e*a*.«d0«94. *.9*ft.«.e.#9ea...««9.*09.. .......ft 1 

Procedure. . . . * . . ...a*., 12 

Discussion of Results.. * ..... .. ».«... 17 

Condu SiOnSs »«4494«a«4a»1>4«4*«*»«»«*a««*l«#4««4*»a»**«t3«96S04O»«939 25 
RSCOSWSnd It ions 1<>| •(•))••> I >•<• Mi ••<>•• no Mil It> t<o> 9>1 i::i< !•• c 1 26 

Appendix A* Descriptions of the primary components 

of the very low speed friction apparatus ......... *27 

Appendix B, Original Data* ....... ....... . ....... . .......... *.30 

Appendix C# . bibliography •*•»**. .. *...*.**.♦ .3 / 



r- tmrr 



* - j < » « m of 



■J » <i ^ t, A . 







mi « ^ » 1 a ■ <i4i«* 



i m 

M 



«■ 5 lx VflllllwC ,4 

rwrt m U 






. 4 I 4 » 4 I • 4 



. :*xu|i.. .1 



n 



*• * % • » ■. > - 



4 i • • 4 « * * A * ♦!<»** <i 






1 



INTRODUCTION 



Importance of Friction 

The very existence of the world I* dependent upon a phenomenon 
we call friction. It ie evidenced in widely differing and opposing 
means, friction prevents motion, makes motion possible, and it 
permits ua a control over most motion. This applies to practically 
everything on earth. Friction holds objects in place when we set 
them, it makes motion possible in all ways from rolling wheal s to 
sliding skis, and it makes starting and stopping notion possible as 
easily illustrated in accelerating and decelerating a vehicle. It 
is easy to think of ways which friction is involved importantly in 
practically all natural and man-made operations. 

Friction is often commonly considered undesirable in our machines, 
etc,, where it costa us money in inefficiencies but the truth is that 
practically none of these machines, etc., wjuld function properly 
if it were not for the presence of friction. We are actually 
completely dependent upon friction for our very existence and since 
it is important we need to understand all we possibly can about it 
In order to most effectively make use of it where we desire to and 
to limit or control it eloawhere . 

Frictional Phenomenon 



Friction is the force exerted on each of two surfaces in contact 
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by one another in a direction parallel to the plane of contact. 

Coulomb in 1731 discovered a clear distinction between static end 
kinetic friction. He observed at that time that kinetic friction 
was nearly independent of the speed of sliding. He pursued the 
idea that friction might be due to some molecular adhesion between 
surfaces inherent in all materials to various degrees. He dropped 
this idea on the theory that if it were so the friction should be 
proportional to the area of the sliding surfaces. He finally con- 
cluded that friction primarily was the resistances of the asperities 
of one surface to being lifted and pulled over the tops of the as- 
perities of the other surface. (l) Coulomb waa partially right in 
both of his ideas of mutual adhesion and asperity resistance. He 
could, however, not rationalize these views during his time. 

Today our theoiy for the cause of friction is that this force 

between two surfaces in contact consists of two primary parts: 

1 - shearing, which is the actual shearing or tearing apart of 

minute weldments or bonds between the surfaces, and 2 - ploughing, 

which is the riding over of the asperities of a surface over the 

asperities of the other surface j this occurs simultaneously to both 

surfaces to make up the total ploughing. The real area of contact 

between the two surfaces is between tallest of their asperities 

( 1 ) 

which naturally cob* in contact first. This is similar to pressing 
the bristles of brushes together. At first only a few of the 
bristles will touch but as more force is used in pressing them 
together the longer bristles, first in contact, slip sidewise or bend 
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causing more of the shorter bristles to corae in contact. In the 
extreme the two brush handles, holding the bristles, may be pushed 
almost together if enough force is used. This is quite similar to 
what happens when any two surfaces are pressed together. The tallest 
or longest asperities come in contact first and bear the force of 
pressing over their minute areas of contact. As known from Strength 
of Materials the material will strain a given amount under a given 
pressure or force in this case.* This permits some of the shorter 
asperities to come into contact. This process continues until ths 
force is balanced. This deformation takes place on both surfaces 
to different degrees depending on material properties and ths surface 
finishes. This process accounts for the difference between "apparent” 
and "real” areas of oontact, whore "apparent" is what you would 
commonly note by eye and "real" is the actual area of contact between 
the asperities actually in contact. 

Shearing is the breaking of weldments between these deformed 
asperities which arc in intimate contact with each other. Sometime a 
the break occurs right in the "real" surface but generally particles 
of the two materials are tom away adhering to the other surface. 

This constitutes wear. The formation of these asperity weldments 
depends on many factors but for a given pair of surfaces It depends 
primarily on the force between the two surfaces and ths time that a 
"real” contact is made between two particular points - that is generally 
the longer time, speaking even so of very abort times, the two points 



♦ In accordance with the general law of Hooke 
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have to form a weld the stronger it will be. This may be due to the 
fact that dealing on the microscopic scale that we are considering 
a definite time lapse is required by the asperities for bonding. *?• 
know that with movement, sliding, heat is dissipated and must be 
conducted away from the surfaces through the materials concerned. 

This heat conduction requires time and causes a local softening of the 
points of surfaces in real contact. This effect can make the weldments 
form easier end at the same time if the weldments are still soft when 
sheared the shearing or tearing will be accomplished by less effort. 
This is one part of the friction force. 

The ploughing part is the force required to cause the interlocking 
asperities to ride up and over or around each other. Under different 
conditions this may take different means of accomplishment. If the 
materials are very hard then this tom may primarily be the work of 
causing the asperities to seek new paths during the motion without 
altering the asperities themselves. This would be a true riding up 
and over or moving sidewise and around interdicting asperities. 

However, it seems more logical to assume that this occurs to 3ome 
extent but that, no doubt, the true behavior is that the movement of 
the asperities of one surface up and over and around the asperities 
of the other surface is accompanied by some deformation, both elastic 
and plastic, of the asperities, usually of both surfaces. This 

probably is a plastic "mashing" of the asperity peaks and a sidewise 
slip of the asperities. This is the other part of friction as seen 

today. 
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All of these component* of friction require a force In order 
to occur. All of them depend on the force exerted normal to the 
apparent surfaces holding the materials together and the surface 
finishes. The weldment formation and strength depends on the 
chemical ability of the two materials to bond together, the temperature 
of the "real" surfaces and, possibly aside from its effect on temp- 
erature, on time - this is velocity of eliding. No doubt that with 
tom materials there would be definite plastic deformation before 
shearing the weldment*; this depends mi the physical properties of 
the materials concerned. However, that portion where deformation 
takes place falls into the ploughing part. This whole process of the 
shearing portion of friction might be likened to an object attached 
to a table by sticky glue. It ie bonded. If left to sit for a 
longer period it will be a stronger bond. With lots of glues if the 
temperature is high it will become not so firmly bonded. If you 
attempt to move the object from the table while the glue is yet 
sticky part of the glue will break almost immediately and seme of it 
will stretch or deform both elastically and plastically until it 
reaches some point of stress when it will break loose also. This is 
a rough parallel but it transmits the basic idea of the shearing portion 
of the friction force. 

The ploughing portion is dependent upon, in addition to normal 
force and apparent surface finish, the physical properties of the 
materials, temperature, and the velocity of sliding. This portion can 
roughly be likened to a boat in the water. A ship actually compresses 
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the water Isaaediately over which it rides - it Increases the pressure 
in the water as it rides up ever some of it - this is what causes 
pressure actuated mines to function as a ship passes within its lethal 
range. While some of the water is forced down and under the hull the 
rest la pushed to either aide - the Ship or boat hull is Baking a 
furrow through the water. All of this requires force to push the boat 
through the water* In this analogy the ship or boat is the asperities 
of the harder material. In some cases it is possible that the two 
material a would randomly change partners in the analogy. In the 
process of friction this ploughing elastically and plastically deforms 
the asperities surfaces. Ibis requires force. 

This haa been an explanation of the micro scopic cause of friction. 
It is with these views in mind that tide thesis is done. It is in the 
light of this approach to the mechanism of friction that the explanation 
and discussion of the results will be undertaken. 

Kinetic and Static Friction 

As previously mentioned Coulomb observed that kinetic friction was 
nearly independent of sliding velocity . This is true generally within 
the ranges of sliding velocities normally noted. He also noted that 
there was a definite difference or change in friction between kinetic 
and static condition., static friction being notably larger than kinetic. 
Kinetic ae used above referee to normally noted sliding velocities. 
Static as used above is somewhat unknown) truly it refers to no eliding 
velocity whatsoever. However t is it not poesible that this static 
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friction of Coulomb's may or nay not bo actually the true static 
friction. He did not investigate very low sliding velocities - 
microscopic velocities. This has not become of interest until just 
recently. It may be possible that Coulomb’s static, maximum, friction 
might occur at different very low sliding velocities lying in the range 
from sero, true static, up to sliding velocities approaching the normally 
observable ones. 

Not knowing the true behavior of friction at very low sliding 
velocities it remains that the friction factor, - ratio of friction 
force to normal loading on the surfaces - may follow any one of a 
number of different paths between sero velocity and the points where 
friction became a nearly independent of sliding velocity. Different 
materials nay behave differently in this region. Dome nay follow one 
general relationship to sliding velocity and others different relation- 
ships within this range. Figure I gives an example of oom of the 
general relationships that may exist in the region from sero up to 

normal sliding velocities. One must remember we are talking about very 

—4 

low sliding velocities, approaching zero and on the order of 10 to 
10 centimeters per sec. This is imperceiv&ble to the naked eye, 

Stiok-Slip 

It has been shown that when the sliding friction between dry 

solid surfaces decreases as the eliding velocity increases, the sliding 

does not proceed smoothly but in a Jerky fashion; we call this stiek- 

( 2 ) 

slip • The force tending to cause sliding causes the two surfaces to 
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"break” away from one another and sliding occurs for a abort time 
until the surfaces stick together, again, this repeated action is the 
sort of thing that we call stick- slip. An example, known to all of 
us, might be the occasional bumpy, Jerky path of a piece of chalk over 
a blackboard. Sometimes this is quite noticeable as the chalk seems to 
Jump rapidly as we write, while at other tines the Jump or time 
interval between periods of sticking are much shorter and a nerve 
grating noise occurs. We have all experienced both of these I am sure. 
These occurancea tell of the type of frictional behavior I am speaking 
of ae stick-slip but they do not Justify any great interest in this 
particular phenomena. 

In machine ry tide same type of behavior may logically exist 

even though it is not as noticeable to us or possibly immediately 

recognized as the same general phenomena. The Navy encountered this 

problem in their great emphasis on noise reduction for naval machinery - 

primarily submarine machinery. This oscillating motion, set up by 

s tick-slip, excites vibrations in the sliding members and may result 

in considerable noise being produced. This is heard by us as squeaking 

of the Joints of furniture, auto bodies, etc. As has been stated the 

Navy encountered this In abaft squeal - propeller shafts turning 

( 3 ) 

slowly in stern tubes - and no doubt other machinery nolees. This 
stick-slip may well be a problem in delicate control mechanisms where 
very rapid responses to quite small applied forces or torques is 

desired, it i s felt that this phenomena can best be studied at low 
sliding velociti OB * Therefore, in addition to interest in Just trying 
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to understand the basic mechanise of dry friction the behavior of 
friction at very low sliding velocities is of interest fron the 
stick-slip viewpoint for Innedletely encountered problems* this warrants 
some specific investigation and research. This research seems 
necessarily to take the form of accumulating a large amount of data 
on the behavior of the friction of many widely differing material# 
sliding on each other at velocities approaching sere. This will permit 
the friction factor versus sliding velocity curves to be extended 
toward aero velocity. After a general accumulation of data of this 
sort possibly seme general conclusions may be drawn relating the low 
velocity friction behavior to some characteristic or characteristics 
of the material, hardness, atomic structure, or such, A long time 
will be required for even an approach to this thorough understanding. 

Previous Work Done 

The work in this field has been accomplished primarily at MIT 
during the last five years under an Office of Naval Research contract, 

The work has been carried out under the Friction and Lubrication 
L&brato ry which is under Professor Rightmire, in charge, and Professor 
Habinowics, The first problem was instrumentation capable of 
measuring frictions at the desired very low velocities. During 
1950-1951 Leif Arne sen worked on the project and was unsuccessful 
in designing the apparatus necessary to adequately carry out the 
measurements, F, Hsyman took up the work of this project in 1951 
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and by 1954, after many difficulties and obstacles encountered, 

developed the apparatus which now can successfully carry out the 

necessary measurements. His contribution was great in the develop- 

jnent of the apparatus even though ho actually did not get any 

reproducible results from the material testing* This apparatus was 

used in gathering the very low velocity friction data of this thesis. 

A very good description of this apparatus is given in a paper published 

in the Review of Scientific Instruments. ^ Schematic diagrams of the 

low velocity machine components are shown in Figures VI, VII, and 

VIII. The descriptive portion of this paper may be found in Appendix 

A. The apparatus used in obtaining the higher velocity data - 

-3 

velocities above 10 etas, per sec, - was a standard friction measuring 

apparatus operated at the extreme low end of its speed range. 

The actual test work accompli shod since development of the 

apparatus has been in conjunction with other projects that were in 

progress so advancement in this field has been ailcsr. However, the 

gathering of data on this project is a very slow process anyway. The 

information that has been obtained in this region is presented in 

(5) 

Figures II through V. These are contributions from Professor 
Rightmire, Professor Rabinowicz, Mr. F. Mysliwata, and Mr. 0. Heddon, 
From these Figures, II through V, it can be seen that different 
materials have friction factor-sliding velocity curves of varying types. 
No conclusions can be drawn on so few curves. It will also be quite 
difficult to distinguish curves of typos B from C and F from E unless 
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we are sure we am locate the appropriate humps first, *Ihe humps 
of C and E may be so very close to aero velocity that as far as w© 
are now capable of investigating these curves my appear as B and D 
respectively. It is *ls> possible to confuse B with A if the slope 
should be very nearly aero. 

One thing that is shown by past work is that at the very low 
velocities there is a varying relationship between friction and sliding 
velocity - that friction is no longer nearly independent of sliding 
velocity, for boss materials st least. At this time no general conc- 
lusion may be drawn, however. Curves such as Figures II through V 
must be determined for very many materials before drawing generalities 
from specific eases. It is the purpose of this thesis to contribute 
as much as possible to the accumulation of these relationships of 
friction factors to sliding velocities in the very low velocity range. 
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PBDCEDURE 



The cdcro scope used for measuring distance traveled by the sample 
during the time interval of the run was calibrated against an optical 
calibration grid. This grid was a product of Central Scientific 
Company, The grid was 2000 lines to the inch. The microscope was 
first calibrated using the above grid for inches per scope unit. 

This value was then converted to centimeters per scope unit. The 
value for my eye on the scope calibrated to be 0,0002441 cms, per 
scope vernier unit. The Sanborn Recorder used to record the strain 
gauge readings was calibrated before each series of teats - a series 
of tests being all recordings on one material and made on one day. 

This calibration was accompli ahed by applying known loads to the strain 
gauge, recording the reading, and then unloading the strain gauge after 
each loading to obtain a aero point. This procedure was carried out 
several times using different loads and establishing an average of these 
readings for both the aero point and the scale of the recorder paper 
grid. The reference marker, mentioned in the description, sea adjusted 
to a convenient value m that system drift Could easily be detected 
during a run. 

Surface Preparation 

The surface of the material specimen was prepared by finishing 
with successively finer grades of emery paper, starting with grade 1/0 
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emery paper and proceeding through 4/0. The metal*, except for 
aluminum, produced a good, apparently polished surface finish with 
4/0 grade paper. Aluminum and the plasties tested seemed to have 
a smudged dirty surface finish after polishing with 4/0 paper. Each 
of these was finished with the finest grade of emery paper, courser 
than 4/0, that produced an apparent polished smooth surface. The 
finest emery paper used on each respective specimen ia noted in the 
tablet 1 and II of appendix B, 

The upper fricticn surface used was an eighth inch hemispherical 
plain steel rider in all cases tested. This surface was polished to an 
apparent smooth finish using 4/0 enery paper on it while it was ro- 
tating in a drill chuck. 

Teat Procedure 

The normal load between the rider and specimen surfaces for those 
tests was standardised at 100 grams for the very slew velocity apparatus 
and 200 grams for the standard apparatus. After placing the rider am 
in place the weight of the arm and associated apparatus was taken up by 
tension of a spring adjustment. This permitted the rider surface to 
contact the specimen surface with practically aero normal force between 
them. Placing 100 grama on the rider arm in its proper position assured 
knowledge of the normal loading ueed in order to accurately compute 
friction factor as the ratio of friction fores to normal force. By 
varying the pulling force on the drive mechanism the velocities were 
varied. The Sanborn Recorder trace recorded the respective friction 
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forces *s sensed by the strain g&uge. 

Th* apparatus whan first started wae permitted at least two 
hours to accelerate to a steady state velocity. This was necessary, 
although possibly excessive, to permit the wave system, etc., in th# 
pitch tank to reach a steady state • The pulling force was varied 
without any other interruption to the running apparatus. At least 
thirty minutes were permitted between position readings in order to 
insure steady state conditions had been reached. At each pulling 
force, the distance, measured by the microscope, the specimen neves 
in a period of time was recorded. 

Data (See appendix B) 

Raving notes of the distance moved and the time elapsed the 
sliding velocity was computed in each instance. Raving the recorder 
tracing of friction force over the Interval of time concerned an 
average friction force w*s established. Haring the average friction 
force and th* normal force an average friction factor wae computed for 
that particular velocity. I wish to emphasise that actually both the 
average friction factor and the sliding velocity are measured quantities 
although I might have spoken of them previously as computed. This only 
referred to a mechanical, mathematical operation on actual measured 
quantities. 

In using the standard friction apparatus the sliding wae done in 
a circular path - the specimen revolving off-center under the rider. 
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In this caw the frictional fore* was recorded in the same manner aa 
for the alow motion apparatus. The Sanborn Recorder in this case 
recorded also the rotational spaed of the specimen. By knowings then, 
the rotational speed and by measuring the diameter of the circular 
path traveled the sliding velocity was easily obtained. In the same 
manner as before the friction factor was obtained. 

The data as then compiled was plotted for each material tested 
giving a friction factor versus velocity curve for each. 
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RESULTS 



The materials tested were some plasties end a for jsetals as 
follows: 

Plastics 

1. High Styrene - Figure K 

2. Polyethylene - Figure X 

3. Vlpyl Chloride - Figure XI 

4. Polyester - Figure XII 
5» Epoxy - Figure XHI 

Met als 

6, Zinc - Figure XIV 

7, Phosphor Bronac - Figure XV 

8, Aluminum - Figure XVI 

The results of friction factor versus sliding velocity for these 
natarials are presented in the fern of the following curves# figures 
IX through XVI respectively. 
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DISCUSSION OF RESULTS 



Both High Styrene and Polyethylene behaved in very similar 
manners. Their friction factor, or coefficient of friction, was 

fairly low at low sliding velocities, on the order of 0,11 at 

-5 

velocities of about 10 was. per sec. Information available from 

-2 

hi^ier velocity ranges, 10 to 1 cm per sec,, indicates that the 
slope of the curve, increases rapidly up to this point. The 
elope at the higher velocities appear* to again approach aero 
indicating possibly that this is the peak of the curve, these curves 
could be similar to either curve C, D, or E of Figure I. These 
curves would have to b* continued further to the right, to higher 
velocities, in order to determine a C or D type curve and to lower 
velocities to determine an E type. These materials behave similarly 
to soap. The hump* or peaks of these curves have not been reached 
within the range of thee# experiments. 

Vinyl Chloride and Polyester within this same region of exam- 
ination exhibited humps or peaks or at least indicated that such 
existed to the left of this experimental range. These curve# could 
be similar to types B or C of Figure I. It seems doubtful that they 
would be similar to type E which would necessitate a ninimam at higher 
velocities as well as a maximum at lower velocities. Here again, these 

* Discussed with Professor E, Rabinowica who has done this sort of 
investigation on soap. 
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two material® appeared quit® similar to each other in the .shape of 
their carve#. Time did not permit measurement of the hardness ©f 
the as material# a# was intended. However, it appeared that Vinyl 
Chloride and Polyester were harder than High Styrene and Polyethylene, 
This may be a very important property in determining the sliding 
velocity at which the friction factor reaches a maximum. This is ona 
of the points that, at present, seems so but warrants more research 
before a generality may be drawn, 

Fpoxy, the fifth plastic examined, samed quite difficult to work 
with. At first appearance it seemed fairly hard but actually over a 
period of time a quite saall force deformed readily - primarily 
elastically. The curve developed from data obtained is somewhat in 
doubt. Due to Its odd behavior while working with it, I chose to 
draw a straight dashed line averaging the points plotted. It is 
quite poesible however from the data plotted that the curve may pass 
through a rather sharp peak in the vicinity of 10“^ to 10“^ oas, per 
eec. If this could be established this would be a good example of the 
type C curve of Figure I, 

Metals 

The three raetala examined were by no means a complete representative 

cross section of the available metals. Zinc had a steadily rising curve 

quite similar to that of High Styrene and Polyethylene, Zinc was the 

( 6 ) 

softest metal tested - hardness of 32, Phosphor Bronze -» hardnes# 

160 - gave generally the same sort of presentation a# zinc. Thia seems 
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ineongruent with our knowledge and intuition about these Metals. 
Aluminum - hardness 35^ ~ showed a gentle, apparently, linearly 
negative slope. This could correspond to curves of type C or B 
of Figure I. Aluadnua warned to present the most expected behavior 
of the metals. 

General 



In general it appears that softer materials have a U ~ curve 
possessing a positive slope In the region Investigated and that hard 
materials generally have a negative slope. This may be explained, 
at least partially, in light of the discussion in the introduction. 

If we eet a weight on the surface of quite cold mala* as a in a 
container, the weight, if not too large, will appear to rest momentarily 
right on idle surface. It will actually be sinking quite slowly into 
and through the molasses. If pulled or pushed horizontally while 
practically resting on the surface the weight will move fairly easily. 

If the weight is permitted to slide way into the very thick molasses 
it will require a considerably larger force to cause the same horizontal 
motion by the molasses with this deeper immersion* This is due to 
increased frontal area which means that more of the molasses has to be 
pushed out of the way and/or compressed in order to permit the weight 
to move horizontally. A ship in water is the same problem* If the 
ship is unloaded and riding high in the water it takes less power, 
force, to propel it through the water than If it were at maximum load. 
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Ulnimua and maximum load correspond to minimum and maartHum drafts « 
depth to which the ship sink* into the water. 

This argument may teal to explain the velocity versus tine curve 

( 5 ) 

for steel or soap that Professor Rablnowiez produced.' Rls curve 
dhows that velocity decreases with time elapsed. 

Assuming a given draft or depth of sinking it requires more and 
more force to push the weight, spoken of before, or the ship at higher 
and higher velocities. In ships tha power required to pro pal is nearly 
a function ©f the third power of the speed. In view of the finding® ©f 
Bowden and Tabor about teflon it sees® possible that the softer 
plastic# examined may behave similarly. They, like teflon, have low 
friction factors. If this is true then this particular category of 
plastics will not fora welds readily and may not adhere readily to its 
companion surface. This would mean that the shearing portion of the 
friction force would be quite small if not totally negligible. Presuming 
this, the softer plastics behave quite as would be expected in this 
rag ion. Their behavior is similar to the ship in the water analogy. 

As velocity Increases the force mast increase. The interlocking 
asperities of the surfaces must deform to permit passage of the other 
surface®# asperities. Depending on the softnesses and relative normal 

* The Friction and Lubrication of Solids. F.P. Bcsrden and D. Tabor, 

pp 167 rue ' 

*Wiih Teflon it was not possible to fern a thermal weld even 
under the most sever condition# of load and speed. ♦, .This re- 
sistance to seizure and the low coefficient of friction suggest 
that Teflon may find many Important applications a a an ’anti -fric- 
tion’ and ’anti -weld ins’ material in bearings and other sliding 
mechanises,” 
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load involved this deformation may not be limited to asperities 
or surfaces alone and thon becomes a function of the bulk. Neverthe- 
less, the deformation is all of the same general nature. Sliding 
velocity determines the rate of this deformation and th© rate of 
deformation determines the forces required to cause it since it is 
an energy. 

In view of all of this it seems that the softer plasties that 
do not weld to or adhere to their companion surfaces exhibit somewhat 
of a positive j\ -]J curve slope in the region examined. 

On the other hand, the harder materials seem, logically, to 
depend on th© shearing portion primarily for their friction. We know 
that the penetration of the rider, depth to which it sinks, is 
practically negligible. For the harder materials that weld to or 
adhere to their companion surf ace a the shearing portion of friction 
saeas to be the primary one and ploughing is practically negligible. 

Since the more eolid the weldments are the larger th® required 
shearing forces it follows that if the sliding velocity causes the 
character of the weldment e to change the shearing force and thus the 
friction force is going to change similarly. This means that if 
sliding velocity is increased within this range generally the weldments 
will not lave time to set well. They will be softer due to more heat 
generated at the surface but less tiros for it to be conducted away. 

This will permit the weldments to be sheared easier. This means « 
negative slope to the curve in this region. It le believed 

that the harder materials exhibit this general behavior generally. 
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It may well be argued that if the above is correct the jl -V 
curve should continue with a negative slope. This is not so. It 
seems logical to believe that the localised heating due to sliding will 
also improve the formation of the weldment*. At some sliding velocity 
the two effects win com* in balance and the Ji ~\J slope will not 
necessarily continue negative. 

In the light of this discussion it can bs concluded that the 
fricti on force is made up of the shearing and the ploughing portions 
to varying degree#. The shearing portion depends primarily on the 
mutual ability of the surfaces to weld together at point.#® The ploughing 
portion depends primarily on the hardness and the elastic and plastic 
characteristics of the two materials in contact. 

If the materials were quite hard and they are mutually adhesive ~ 
tend to tom wolds ~ then the ploughing terse would be quite small 
oo spared to the sheering term. In these ©as®# the surfaces are 
presumed normally smoolh, The ploughing term would consist of just 
the force deforming the asperities in order to permit sliding - the 
deformation would not go beyond the actual surface itself in these 
hard materials. Two surfaces with this type interface, I believe, 
should exhibit a negative slope for the jA-^ cures in the region 
concerned , 

If the materials were soft and do not have a tendency to weld 
together the ploughing term would be of prim* Magnitude as compared 
to the shearing term. Ko doubt, some sheering will occur as we can 
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rarely expect two material® to have no mutual attraction, tendency 
to fora velds* The defoliation of these materials would seam to 
extern) certainly beyond the asperities of the surfaces and may be 
of any extent depending on the materials* The JX»i curve resulting 
in the above such case could be expected to have a definitely positive 
slope in the region concerned. It is possible that at some eliding 
velocity the heat generated might change the tendency of these materials 
to fern welds and thus alter the slope of the jtt -]/ carte at other 
velocities. 

It seems that these factors - mutual voidability and resistance 
to defoliation - may vary widely and differently from one pair of 
surfaces to another possibly, Mutual weldability represents the 
shearing* and resistance to deformation the ploughing. Having varying 
combinations of these in different sets of sliding surfaces account* 
for carves of drastically different slope* in the region examined. The 
slope depends on the predominance of one of the terms over the other* 

High Styrene and Polyethylene, so doubt, do not weld to steel well 
at all and therefore the ploughing term is predominant and the slopes 
in Figures IX and X respectively are definitely positive. Vinyl 
Chloride and Polyester appear to be harder than the previous two 
plastics so will have a lesser ploughing tendency. The ploughing term 
in actual force may be larger due to different material properties but 
the tendency to permit digging in and gouging by the other surface is 
less. The os two plastics may have a stronger tendency to form bends 
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with steel. Overall the two effects together « neither particularly 
being negligible - produce a gentle change of slope from practically 
zero to a alight negative one. This change may occur when the sliding 
velocity is hi^i enough to cause a local softening of the surfaces 
and thus an increased tendency to fora bonds. These curves of changing 
slope are shown in Figures XI and XII, The curve of Figure XIII is in 
doubt but may be a sharp curve of the type shown in Figures XI and 
XII with a very definitely defined peak or it may be one of general 
negative aLope. Zine, represented in Figure XIV, exhibited the same 
tendencies as did High Styrene and Polyethylene, The Phosphor Bronze 
results. Figure XV, were not what was expected. They showed a sharply 
positive slops when it was intuitively felt that the slope should have 
been quite small and probably negative. This intuitive expectation 
of Phosphor Bronze concurs with the general discussion offered here. 
This difference is, as yet, unexplained. Aluminum presented in Figure 
XVI s most expected curve that has a small negative elope. 
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CONCLUSIONS 

Various ideas have been advanced in the discussion but I feel that 
an insufficient number of materials have been examined in thia manner 
to justify any general overall conclusions. 1 do conclude, however, 
that the investigation should be carried on until a vast amount of data 
has been gathered. At that time I fed that some of the ideas herein 
discussed may be justified as generalities. 
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RECOMMENDATIONS 



1. In time a large number of material*, both metal* and plastics, 
should be examined. 

2. When additional runs ere made some should be mad* using riders 
made of a variety of mat oriels. 

3. In order to more fully define the curves, different keels should 
be used in the pitch to permit a greater range of velocities to be 
obtained using reasonable pulling forces, 

4. The automatic velocity recording mechanism Professor R&binowicz 
is working on should be perfected and installed. This will greatly 
facilitate velocity determination. 
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APPENDIX A 

Descriptions of the primary components of the very low speed 

/ I \ £ 

friction apparatus 4 . * 

The Did wing Mechanism 

The driving mechanism diagram is shown in Figure VII* 
the moving friction specimen Is a block screwed rigidly to a 
carriage which rests on two cylindrical rollers offering negligible 
resistance to its travel. Fastened underneath the carriage is a 
detachable keel immersed in a cup of pitch, which in turn is fastened 
to the base, the latter being a heavy block carried on antivibration 
mounts. Attached to the carriage is a flexible wire that passes over 
a pully and carries a weight pan at its end to provide the pulling force. 
The pitch is initially heated and poured into the cup with the 
keel in place, and when the carriage needs to be removed it is simply 
detached from the ksel by undoing two set screws, the keel remaining 
undisturbed in the pitch. Using a pitch of softening temperature 
100-200° F and & keel with a cross section 1/2 x in., we have 
found it possible to obtain speeds of from 6 x 10” to 1.3 x 10“^ 
cm /sec by varying ths depth of immersion of the keel from 1/2 to 1/32 
in., and the pulling force from 150 to 1500 g. 

To measure the displacement of ths moving specimen, & fine scratch 
on a small glass block cemented to tha carriage is observed through 

* Quoted from a paper published in the Review of Scientific Instruments, 
Vol. 26, Ho, 1, 56-58, January, 1955 - Friction Apparatus for Very 
Low-Speed Sliding Studies j F„ Heymann, F. Rabinowicz, and O.B. Rightmirs 
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« microscope equipped with a micrometer eyepiece* The smallest 

-5 

observable hi splaomaent ia 5 x 10 " cm* It was found that at the 
lower speeds it takes some 30 minutes before a uniform speed is 
obtained and the driving mechanism is therefore net into motion before 
the expert ire nt begins. 

The Measuring Device 

Althoufft we have eliminated stick- si ip from the driving mechanism, 
we have not necessarily ensured smooth sliding, because, since a 
certain amount of elasticity is mandatory if the friction force is to 
be aeaeured by means of an elastic deflection, stick-slip can originate 
in the measuring device of such a friction apparatus shown in Figure ?I* 
However, theoretical and experimental studies suggest that through the 
uee of a sufficiently stiff spring this stick-slip can be completely 
eliminated or, at any rate, greatly reduced. 

In our apparatus, the upper or fixed friction specimen is a 
head spherically ended rider held firmly in a flexible arm, which is 
attached by means of an outrigger (to align the forces) to a stiff 
strain ring (Fig. VIII), The opposite point on the strain ring ia 
fixed to a stiff arm and both the stiff arm and the flexible arm are 
held on a shaft supported In two ball-bearing pillow - blocks* To 
balance this assembly and at the same time minimize the normal load on 
the bearings, the assembly is supported near Ite center of gravity by 
a soft spring. The upper anchorage of the spring can be moved up and 
down in its coluans, and also incorporates a fine adjustment eo as to 
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pesa&i the rider carefully to be brou^it Just into contact with the 
lower friction specimen, The normal load between the specimens is 
than determined by weights placed on • pan on the flexible am 
directly abate the rider. 

The whole friction fore# is transmitted by the flexible arm 
wholly thrsu^i the strain ring to the stiff arm and is measured by 
four JSW+ wlre-re si stance strain gauge* cemented to the strain ring 
and connected to a Sanborn Recorder,, the stiffness of the ring is rush 
that a friction force of 50 g - a coraaos value - produces a deflection 
of 7 x 10**^ cm,, and the sensitivity of the friction measuring device 
is about 1/4 go 

During the long runs that are necessary, a method of cheeking on 
the drift of the recorder ia desirable, and for this purpose a "dummy 
transducer 3 box was constructed. This contains high - precision 
fixed and adjustable resistors forming a bridge circuit cos?} arable 
to that of the strain gauges on the ring, and a switch by weans of 
which this circuit can be shunted at any time Into the recorder channel 
in place of the strain gauges. At the beginning of a run, the box can 
be adjusted to give a reading equal to the no-load reading of the strain 
ring, and subsequent switching back to the box will disclose any drift 
in this *ero reading. 
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